Running title: p38α signaling contributes to solar UV-induced skin tumorigenesis.
irradiation can cause DNA lesions, such as DNA cyclobutane pyrimidine dimers (4) .
Consequently, many gene mutations have been identified in skin cancer, including mutations in p53, ptch and ras (5) (6) . These gene mutations and related signal pathway activation are known to contribute to skin carcinogenesis (7) (8) . Activation of UVinduced cellular signaling pathways plays a vital role in UV-induced skin tumorigenesis (9) . UVB can activate PKC, ATM, Akt, ERKs, JNKs and p38 (9) (10) (11) (12) (13) (14) . UVA also can activate Akt, ERKs and JNKs in HaCaT or JB6 cells (15) (16) . Consequently, these kinases activate their downstream transcription factors, such as nuclear factor-kappa B (NF-κB) and activator protein-1 (AP-1) (17) . These transcription factor families are heavily involved in many cellular processes, including proliferation, differentiation and survival. Based on these results, inhibitors of these kinases, such as norathyriol (an ERKs inhibitor) (18) , kaempferol (a Src and RSK2 inhibitor) (14) , luteolin (a PKC inhibitor) (19) , caffeic acid (a Fyn inhibitor) have been suggested for UV-induced skin cancer chemoprevention (20) .
Although UV activation of signal transduction pathways and their role in tumorigenesis have been intensively examined, differences in SUV-, UVA-, or UVBinduced signal transduction pathways have not been fully investigated (21) . Furthermore, the primary signal transduction pathway and key molecules involved in SUV-induced tumorigenesis are not yet completely elucidated. Answers to these questions will contribute to a better understanding of UV-induced skin carcinogenesis and development of new strategies for skin cancer prevention.
Here, we first used phospho-protein kinase array analysis to identify the potential signaling pathways induced by SUV irradiation. The results indicated that the p38-related signal transduction pathway was markedly affected by SUV treatment. To investigate the role of p38 in SUV-induced tumorigenesis, wildtype and p38 dominant negative (DN) mice were utilized. Our results indicated that compared with wildtype control mice, p38 DN mice exhibited fewer and smaller tumors when exposed to chronic SUV. In conclusion, our results indicated that p38 signaling plays an important role in SUVinduced skin carcinogenesis.
Materials and Methods
Materials. Chemical reagents, including Tris, NaCl, and SDS, for molecular biology and buffer preparation, were purchased from Sigma-Aldrich (St. Louis, MO). Antibodies for Western blot analysis were from Cell Signaling Technology (Beverly, MA), R&D Systems (Minneapolis, MN) or Santa Cruz Biotechnology (Santa Cruz, CA). The Human Phospho-Kinase and Human Phospho-MAPK Arrays were obtained from R&D Systems. Solar UV, UVB and UVA irradiation systems. The solar UV resource was UVA-340 lamps purchased from Q-Lab Corporation (Cleveland, OH). The UVA-340 lamps provide the best possible simulation of sunlight in the critical short wavelength region from 365 nm down to the solar cutoff of 295 nm with a peak emission of 340 nm (22) . The percentage of UVA and UVB of UVA-340 lamps was measured by a UV meter and was 94.5% and 5.5% respectively. UVB irradiation was performed in a chamber with a transluminator emitting UVB light protons and fitted with an Eastman Kodak Co.
Kodacel K6808 filter to eliminate all wavelengths below 290 nm (23 apoptosis (25) . Previously, we reported that JNKs were activated by both UVA and UVB (26) (27) ) and therefore, we first determined whether SUV could also induce JNKs activation. To examine the dose and the time point at which SUV might stimulate a response in normal keratinocytes, we chose a TERT-immortalized normal human Fig. 2A, upper panel) . Interestingly, we found that ERKs phosphorylation (T202/Y204) was decreased after UVA, UVB, or SUV treatment ( Fig. 2A, upper   panel) . We then used the same cell lysates to perform a phospho-MAPK array assay.
The results indicated that SUV induced increased phosphorylation of p38α by 5.78-fold, MSK2 by 6.38-fold and HSP27 by 34.56-fold compared to the untreated control.
The pattern induced by SUV was similar to the induction by UVB. Phosphorylation of p38α increased 5.88-fold, MSK2 7.65-fold and HSP27 20.67-fold. In contrast, induction by UVA was weaker in that phosphorylation of p38α increased 1.71-fold, MSK2 0.86-fold and HSP27 3.44-fold. Phosphorylation of JNKs was also increased by 2.08-fold after SUV treatment ( Fig. 2A, B) . Consistent with the Western blot results, In contrast, UVA had little effect (e.g., p38α = 1.01-fold, MSK2 = 1.00-fold, CREB = 1.22-fold and HSP27 = 0.91-fold; Fig. 3A, B) . To determine whether the phospho-MAPK array and phospho-kinase array data are reliable, we used the same cell lysates for Western blot analysis. SUV and UVB, but not UVA, could strongly activate p38, MSK1/2 and CREB (Fig. 3C) . Besides the p38-related pathway activation, we also found that SUV or UVB induced phosphorylation of several other kinases and transcription factors including paxillin (Y118), Src (Y419), PLCr-1 (Y783), Fyn (Y402), Yes (Y426), Fig. 3 ). To further confirm that the p38α signaling pathway dominates the cellular response to SUV in keratinocytes, we conducted the phospho-kinase array assay over a time course, harvesting cells at 15, 60 or 180 min after irradiation. Again we found that, compared to other kinases, p38α signaling was dramatically changed in a time-dependent manner (Fig. 4A, Supplementary Fig. 4 ). The Western blot data for the same batch of cell lysates was consistent with the results of the array analysis (Fig. 4B) .
STAT1 (Y701), STAT3 (Y705), STAT4 (Y693) and STAT 5β (Y699) (Supplementary
A dominant negative inactive p38 increases the incidence of SUV-induced skin tumorigenesis in SKH-1 hairless mice. The p38 protein plays a functional role in UVBinduced carcinogenesis (29) (30) . To further investigate the role of p38 in SUV-induced skin carcinogenesis, we exposed p38 domain negative (DN) and wildtype SKH-1 hairless ) of tumors in SUV-treated mouse skin was also significantly decreased in SKH-1 p38 DN mice (p < 0.05; Fig. 5C ). Skin and tumor samples were processed for H&E staining. After treatment with SUV, epidermal thickness in wildtype mice was increased by edema and epithelial cell proliferation, whereas SKH-1 p38 DN mice showed a much smaller increase in epidermal thickness and inflammation (Fig. 5D ).
Discussion
Solar ultraviolet irradiation (SUV) or sunlight has been recognized as an environmental factor in the development of melanoma and nonmelanoma skin cancers for many years.
SUV comprises approximately 95% UVA and 5% UVB. Both UVA and UVB can activate signal transduction pathways related to cell survival (16, 21). However, under normal sunlight conditions, both UVA and UVB irradiate skin. The identification of the cellular signaling pathway(s) evoked by SUV and their role in skin carcinogenesis needs to be further addressed. Here, UV-340 lamps were used to mimic SUV and to irradiate human N/TERT-1 normal keratinocytes. We found that SUV (60 kJ UVA/m 2 /3.6 kJ UVB/m 2 ), which is equal to 15 min of sun exposure in Austin, Minnesota in midsummer from 2 to 4 pm, can activate p38α and JNKs ( Fig. 1 and Fig. 2) .
The MAPKs play a major role in UV-induced skin cancer development (28) . A phospho-MAPK array analysis indicated that p38α and its downstream target proteins, MSK2 and HSP27, were strongly activated by UVB and SUV ( Fig. 2A, B) . However, CAN-12-3408 other isoforms of p38, including p38β, p38γ, and p38δ were not affected ( Supplementary   Fig 2) . Moreover, phospho-kinase array and Western blot data also clearly indicated that the p38α-signaling pathway was strongly activated by UVB and SUV irradiation (Fig. 3A,   B, C; Fig. 4A, B) . These data provide firm evidence that p38α signaling is the pathway most strongly activated by SUV. Besides p38α signaling, JNK signaling was also activated after SUV irradiation and its role in SUV-induced skin carcinogenesis needs to be elucidated in future studies. Interestingly, the kinase activation pattern was similar in UVB-and SUV-induced signaling, which implies that UVB plays a major role in SUVinduced signaling. Surprisingly, we found that ERKs phosphorylation (T202/Y204) was Fig. 3, 4) . inflammation and chronic UVB-induced skin cancer (9) . The p38-regulated/activated protein kinase (PRAK), a substrate of p38, plays an important role in Ras-induced senescence and tumor suppression (36) . However, activation of p38 is also critical for the anti-proliferation effect of β-elemene (37). These reports suggest that the role of p38 in tumorigenesis may be cell-specific and tissue-dependent. Here, p38 dominant negative (DN) SKH-1 mice were used to investigate the role of p38 in SUV-induced skin cancer.
The results indicated p38 DN mice developed less skin tumors and exhibited slower tumor growth compared to wildtype mice (Fig. 5) , which is consistent with the signaling activation induced by UVB. These data indicated that p38 is dramatically activated by SUV and plays a functional role in SUV-induced skin carcinogenesis. Besides p38, the mechanism probably involves p38 downstream substrates, MSK, CREB and HSP27, which are also important in carcinogenesis (38) (39) . Furthermore, p38 also regulates AP-1 and its target gene cox-2, which also play a role in TPA-induced inflammation and carcinogenesis (40) .
In conclusion, our data demonstrate that the p38α signal transduction pathway is markedly activated by SUV irradiation and p38α plays a vital role in chronic SUVinduced skin cancer. Our work also suggests that p38α might be a promising target for skin cancer chemoprevention. 
